All relevant data are within the paper and its Supporting Information files.

Introduction {#sec001}
============

Intensive rearing of fish in closed system, where natural ecosystem is missing, is significant task in terms of provision of satisfactory balance of nutrients needed to sustain fish development and growth \[[@pone.0219558.ref001]\]. This is of special importance for carnivorous fish, which demand higher quality feed rich in lipids and proteins to satisfy energetic demands and maintain uninterrupted growth \[[@pone.0219558.ref002], [@pone.0219558.ref003]\]. Though very expensive, commercial fishmeal-based larval feeds still cannot completely support fish development, which predisposes fish to high mortalities after early weaning \[[@pone.0219558.ref004], [@pone.0219558.ref005], [@pone.0219558.ref006]\]. This is partly due to high resistance of commercial feed to physical breakdown and ineffectiveness of mechanical digestion processes in larval fish \[[@pone.0219558.ref007], [@pone.0219558.ref008]\]. Commercial feed also contains lower percentage of soluble proteins when compared to commonly used live foods, which further aggravates nutrient assimilation, given the low digestive protease activity in larval gut \[[@pone.0219558.ref009], [@pone.0219558.ref010], [@pone.0219558.ref011], [@pone.0219558.ref012]\]. Additionally, because of specific processes applied during feed manufacturing, like heating and fat coating, commercial feed is usually presented with low phospholipid and excess neutral lipid amount on its surface \[[@pone.0219558.ref013], [@pone.0219558.ref014], [@pone.0219558.ref015]\]. This impedes larval development via interference with free fatty acid (FFA) absorption and induction of structural damage in enterocytes \[[@pone.0219558.ref016], [@pone.0219558.ref017]\].

Procedures like addition of phospholipids to artificial feed and incorporation of hydrolyzed diets, which increases feed protein solubility and digestibility \[[@pone.0219558.ref018], [@pone.0219558.ref019]\], are associated with high costs, preventing their wide-spread application in feed industry \[[@pone.0219558.ref020]\]. Microorganisms may represent more economically and ecologically viable option for modification of nutritive properties of artificial fish diet. In this respect, application of lactic acid bacteria (LAB), particularly lactobacilli, in aqua-feeds poses minimal risk both for fish and staff working in fish rearing facilities, given the qualified presumption of safety (QPS) status of most lactobacilli species \[[@pone.0219558.ref021]\]. Lactobacilli have been attributed with numerous probiotic effects in aquaculture, especially immune stimulation potential. This is of particular importance for larval fish, which have immature immune system \[[@pone.0219558.ref022], [@pone.0219558.ref023]\]. Although treatment of fishmeal with microorganisms, including lactobacilli, was proven to increase feed protein solubility/digestibility \[[@pone.0219558.ref024], [@pone.0219558.ref025], [@pone.0219558.ref026]\], so far there are no available data concerning their ability to balance the amounts of peptides/proteins, phospho-, neutral and unsaturated lipids in artificial fish diet.

Having in mind above explained problems concerning nutritive demands of larval carnivorous fish, the aim of present study was to evaluate at a laboratory scale whether solid state treatment with lactobacilli may alter the composition of nutrients in fishmeal-based larval feed. The modifications were directed towards the surface segment of feed granules, which makes the most relevant portion of particulate feed for larval fish, because of low efficiency of mechanical feed digestion in larval alimentary tract. The combination of two lactobacilli strains: *Lactobacillus paracasei* subsp. *paracasei* BGHN14 and *Lactobacillus rhamnosus* BGT10, which already showed the ability to hydrolyze proteins in fishmeal-based diet \[[@pone.0219558.ref027]\], was used. Different parameters related to lactobacilli application were varied, including total bacterial concentration, BGHN14 to BGT10 ratio, percentage of added saline and duration of incubation. Our results suggest the ability of lactobacilli to improve nutrient balance in the surface portion of feed granules without disrupting their granular shape. Possible mechanisms underlying observed changes are discussed.

Materials & methods {#sec002}
===================

Bacteria used in the study {#sec003}
--------------------------

Combination of two strains: *Lactobacillus paracasei* subsp. *paracasei* BGHN14 and *Lactobacillus rhamnosus* BGT10 was used in the experiment. Both bacterial strains belong to bacterial collection of Laboratory for Molecular Microbiology (LMM), IMGGE, University of Belgrade, Serbia. For feed treatment, bacteria were cultured until late logarithmic growth phase: 10 h for BGHN14 at 30°C and 12 h for BGT10 at 37°C in aerobic atmosphere. Cultivation of both strains was done in De Man, Rogosa and Sharpe medium (MRS) (Oxoid, Hamshire, UK) as explained previously \[[@pone.0219558.ref027]\].

Feed treatment {#sec004}
--------------

Dry feed used in the research was OTOHIME B1 larval feed (size \~360 μm) (Marubeni Nishin Feed Co., Ltd., Tokyo, Japan) containing significant percentage of fishmeal. Treatment of OTOHIME B1 with lactobacilli was performed in empty Petri dish. Since any disruption of feed granule integrity leads to poor feed acceptance by fish, feed treatment was performed in a manner that maximally preserves their granular shape. Feed granules were evenly spread in thin layer on the surface of Petri dish, before the addition of lactobacilli suspensions. This way, contacts between feed granules were very low, preventing their extensive agglutination after wetting. Feed particles were homogenously mixed with lactobacilli suspensions using inoculation loop. Four factors were varied during treatment:

1.  Duration of incubation with lactobacilli---12 h or 24 h.

2.  Lactobacilli concentration (biomass per mass of dry OTOHIME B1) - 5 or 10 mg of wet culture pellets per 50 mg of dry feed (100 mg or 200 mg per 1 g). The number of BGHN14 and BGT10 cells per 1 mg of wet pellet was \~5×10^8^ and 3×10^8^, respectively.

3.  Ratios of BGHN14 to BGT10 pellet mass mixed with feed granules: 75:25, 50:50 or 25:75.

4.  Moisture level--saline or lactobacilli suspensions in saline were added to obtain final 260% v w^-1^ or 390% v w^-1^ (volume per weight of dry feed).

In order to minimize the variance in results due to technical errors, experiments were performed at a small scale and all treatments and subsequent manipulations for all combinations with same incubation period (12 or 24 h) were performed simultaneously. Treatment of feed granules was performed as follows: wet pellets of BGHN14 and BGT10 cultures were mixed at one of the three above ratios (75:25, 50:50 and 25:75) to give totally 5 or 10 mg total pellet mass per feed sample. This pellet mass was suspended in 130 or 195 μL of saline per sample and mixed with 50 mg od dry feed granules spread onto the surface of Petri dish, as explained above. Controls mixed with saline (130 or 195 μL) for each incubation periods were included. This gave 14 treatment combinations per one incubation period (12 or 24 h) with three replicates per group. After addition of lactobacilli (or saline), Petri dishes were closed and wrapped in foil (to reduce evaporation) and incubated at 37°C for 12 or 24 h. Afterwards, small amounts of wet feed were taken for microbiological assays and the rest was air-dried at 50°C for 4 h. All treatments were performed in triplicates.

Extraction of lipids from dried whole, non-homogenized granules was done by addition of 20 volumes of 2:1 chloroform: methanol to 10 mg of feed granules per sample (Folch extraction) \[[@pone.0219558.ref028]\]. After 1 h incubation at room temperature (RT) with shaking and centrifugation at 14 500 RCF (relative centrifugal force) for 10 min at RT, supernatants were divided equally in two tubes. Pellets and both fractions of supernatants were vacuum-desiccated. Pellets were used for peptide and protein measurements. Lipids remaining in desiccated supernatants were used for phospho, neutral and unsaturated lipid assays (methodologies provided below). As explained above, extractions and measurements for each analyzed parameter (below) for all samples with the same incubation period (12 or 24 h) were performed simultaneously. In parallel, dry control samples were subjected to extraction and measurements for each series of samples.

Free amino acid (FAA)/short peptide and soluble protein measurement {#sec005}
-------------------------------------------------------------------

Defatted feed granules were resuspended in 20 volumes of distilled water and incubated for 10 min with shaking at RT, to extract water-soluble material from surface of granules. After centrifugation for 1 min at 14 500 RCF, RT, supernatants were analyzed for soluble protein content using Bradford assay with commercial Bradford reagent. In parallel, defined volume of supernatant was used for FAA/SP measurement by trinitrobenzene sulfonate (TNBS) assay \[[@pone.0219558.ref029]\]: supernatants were precipitated with 5 volumes of trichloroacetic acid (TCA) on ice for 15 min for FAA/short peptide assay, centrifuged for 10 min at 14 500 RCF, and mixed with 10 volumes of 0.1 M sodium phosphate buffer pH 8.0 plus 5 volumes of 0.1% TNBS dissolved in the same buffer. The mixture was incubated at 60°C in the dark for 45 min. Afterwards, reaction was stopped by addition of 0.25 M HCl and the absorbance at 420 nm was measured. Standard curves were made using DL-alanine and bovine serum albumin (BSA) for TNBS and Bradford assay, respectively.

Phospholipid measurement {#sec006}
------------------------

Lipid pellets obtained from one fraction of supernatants after lipid extraction were resuspended in chloroform for analysis of phospholipid amount by ammonium thiocyanate assay \[[@pone.0219558.ref028]\]. Ammonium thiocyanate reagent was prepared by dissolving 0.27 g of FeCl~3~ x 6H~2~O with 0.3 g of NH~4~SCN in 10 mL of distilled water. The reagent was mixed with lipid samples in 1:2 ratio, shaken and centrifuged at low speed for 1 min to separate lipid and water phases. Lower phase was transferred to new tubes and vacuum-desiccated. Pellets were resuspended in 96% of ethanol and solubilized by warming at 42°C. Absorbance at 488 nm was measured. L-phosphatidylcholine from egg yolk was used for standard curve preparation.

Neutral lipid measurement {#sec007}
-------------------------

Lipid pellets obtained from the second fraction of supernatant were resuspended in 20% ethanol, warmed at 42°C until full solubillization and then used for neutral and unsaturated lipid measurements. Nile Red was used for neutral lipid analysis \[[@pone.0219558.ref030]\]. Samples were 20-fold diluted and transferred to dark microplates (200 μL) for fluorescence measurement. Then, 3 μL of 0.25 mg mL^-1^ Nile Red/acetone solution was added; measurement started immediately at 37°C and was continued for the next 20 min every 1 min (480 nm excitation wavelength and 570--580 nm emission wavelength). Differences between the last and first measurement point were calculated. Standard curve was prepared using glyceryl trioleate.

Unsaturated lipid measurement {#sec008}
-----------------------------

Colorimetric sulfo-phospho-vanillin (SPV) assay was used for unsaturated lipid analysis \[[@pone.0219558.ref031]\]. Samples prepared as described above were mixed at 1:10 ratio with sulfuric acid in glass tubes. After 10 min of boiling and cooling at RT, 2.5 volumes of phospho-vanillin (PV) reagent were added. PV reagent was prepared by mixing vanillin reagent (60 mg of vanillin per 1 L of water) and 85% phosphoric acid in 1:4 ratio. Mixture was incubated for 15 min at 37°C and then for 45 min in dark, RT. Absorbance was measured at 530 nm. Coconut oil was used for standard curve preparation.

Microbiological analysis {#sec009}
------------------------

Sterile saline was added to weighed wet feed in a ratio of 50:1 to finally reach 2% w v^-1^. Further dilutions in saline were made and 10 μL of prepared suspensions were inoculated onto the surface of universal Luria Agar (LA) medium \[[@pone.0219558.ref032]\]. Colonies were counted after 48 h of incubation at 37°C aerobically.

Statistical analysis {#sec010}
--------------------

For statistical analyses, samples with the same duration of incubation were calibrated against the mean value of three replicates obtained in simultaneously extracted and measured dry controls. Comparisons between treatments and dry or respective (260 or 390%) wet controls were performed by t-test. Normality of data in control and treatment groups was assessed by Shapiro-Wilk test. Since process modeling could not be performed by least square method, due to significant lack of fit, modeling was performed using Gaussian process regression (GPR) \[[@pone.0219558.ref033], [@pone.0219558.ref034]\], which does not have assumptions concerning the regression function distribution. Bayesian information criterion (BIC) and Pearson correlation coefficient between predicted and actual amounts for each analyzed parameter were calculated in order to evaluate model validity. Main and interaction effect sensitivity values were reported. Desirability analysis was performed in order to facilitate the selection of the level combination of factors that yields optimal nutritive profile of treated feed. GPR modeling, sensitivity analysis and graph drawing were performed using JMP11 (SAS Institute, Cary, NC, US). Student test, normality and Pearson correlation tests were done using SPSS 20 (IBM Corporation, Armonk, NY, US).

Results and discussion {#sec011}
======================

Evaluation of nutritive profile of fishmeal-based OTOHIME B1 feed granules after treatment with different BGHN14/BGT10 combinations was performed by measurement of levels of free amino acids (FAA)/short peptides (SP), soluble proteins (SPR), phospholipids (PL), neutral lipids (NL) and unsaturated lipids (UL). Absolute values of measurements are given in [S1 Table](#pone.0219558.s003){ref-type="supplementary-material"}. In order to compensate for differences arising from possible day-to-day variance in measurements, statistical comparisons and modeling were performed with results calibrated against the mean value of three replicates obtained with simultaneously extracted and measured dry controls. Mean ± standard error (SE) values of calibrated results with t-test results are presented in Tables [1](#pone.0219558.t001){ref-type="table"} and [2](#pone.0219558.t002){ref-type="table"}. Normality test results are shown in [S2 Table](#pone.0219558.s004){ref-type="supplementary-material"}. Results of Gaussian process regression (GPR) sensitivity analysis along with model parameters are given in [Table 3](#pone.0219558.t003){ref-type="table"}. GPR surface profilers are presented Figs [1](#pone.0219558.g001){ref-type="fig"}--[5](#pone.0219558.g005){ref-type="fig"} while GPR predictive profilers with optimal factor level combinations and respective desirability values are provided as [S1 Fig](#pone.0219558.s001){ref-type="supplementary-material"} and [S2 Fig](#pone.0219558.s002){ref-type="supplementary-material"}.

![**GPR surface profilers showing simulated changes of intensities of free amino acids / short peptides (FAA/SP) as a function of: (a) incubation period (h) x bacterial concentration (mg g^-1^), (b) incubation period (h) x moisture percentage (%), (c) incubation period x BGHN14 percentage (%), (d) bacterial concentration (mg g^-1^) x moisture percentage (%), (e) bacterial concentration (mg g^-1^) x BGHN14 percentage (%) and (f) moisture percentage (%) x BGN14 percentage (%) existence of trend towards change of intensity at a given factor combinations is marked by different colors (blue minimum intensity, red maximum intensity), regardless of the intensity of response variable; GPR---Gaussian process regression**.](pone.0219558.g001){#pone.0219558.g001}

![**GPR surface profilers showing simulated changes of intensities of soluble proteins (SPR) as a function of: (a) incubation period (h) x bacterial concentration (mg g^-1^), (b) incubation period (h) x moisture percentage (%), (c) incubation period x BGHN14 percentage (%), (d) bacterial concentration (mg g^-1^) x moisture percentage (%), (e) bacterial concentration (mg g^-1^) x BGHN14 percentage (%) and (f) moisture percentage (%) x BGN14 percentage (%); existence of trend towards change of intensity at a given factor combinations is marked by different colors (blue minimum intensity, red maximum intensity), regardless of the intensity of response variable; GPR---Gaussian process regression**.](pone.0219558.g002){#pone.0219558.g002}

![**GPR surface profilers showing simulated changes of intensities of phospholipids (PL) as a function of: (a) incubation period (h) x bacterial concentration (mg g^-1^), (b) incubation period (h) x moisture percentage (%), (c) incubation period x BGHN14 percentage (%), (d) bacterial concentration (mg g^-1^) x moisture percentage (%), (e) bacterial concentration (mg g^-1^) x BGHN14 percentage (%) and (f) moisture percentage (%) x BGN14 percentage (%); existence of trend towards change of intensity at a given factor combinations is marked by different colors (blue minimum intensity, red maximum intensity), regardless of the intensity of response variable; GPR---Gaussian process regression**.](pone.0219558.g003){#pone.0219558.g003}

![**GPR surface profilers showing simulated changes of intensities of neutral lipids (NL) as a function of: (a) incubation period (h) x bacterial concentration (mg g^-1^), (b) incubation period (h) x moisture percentage (%), (c) incubation period x BGHN14 percentage (%), (d) bacterial concentration (mg g^-1^) x moisture percentage (%), (e) bacterial concentration (mg g^-1^) x BGHN14 percentage (%) and (f) moisture percentage (%) x BGN14 percentage (%); existence of trend towards change of intensity at a given factor combinations is marked by different colors (blue minimum intensity, red maximum intensity), regardless of the intensity of response variable; GPR---Gaussian process regression**.](pone.0219558.g004){#pone.0219558.g004}

![**GPR surface profilers showing simulated changes of intensities of unsaturated lipids (UL) as a function of: (a) incubation period (h) x bacterial concentration (mg g^-1^), (b) incubation period (h) x moisture percentage (%), (c) incubation period x BGHN14 percentage (%), (d) bacterial concentration (mg g^-1^) x moisture percentage (%), (e) bacterial concentration (mg g^-1^) x BGHN14 percentage (%) and (f) moisture percentage (%) x BGN14 percentage (%); existence of trend towards change of intensity at a given factor combinations is marked by different colors (blue minimum intensity, red maximum intensity), regardless of the intensity of response variable; GPR---Gaussian process regression**.](pone.0219558.g005){#pone.0219558.g005}

10.1371/journal.pone.0219558.t001

###### Feed biochemical profile (calibrated values) after 12 h incubation period.

![](pone.0219558.t001){#pone.0219558.t001g}

  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
                              Mean ± standard error of mean (SEM) (n = 3)                                                                                                                                                                        
  --------------------------- --------------------------------------------- ------------------------------------------------- ------------- ---------------------------------------------------------------------------------------------------- -------------
  75:25, 260%, 100 mg g^-1^   1.09 ± 0.06                                   0.74 ± 0.07                                       1 ± 0.1       **0.51 ± 0.06**\                                                                                     1.27 ± 0.26
                                                                                                                                            [\*](#t001fn002){ref-type="table-fn"} p = 0.038                                                      

  50:50, 260%, 100 mg g^-1^   0.74 ± 0.15                                   0.78 ± 0.06                                       0.87 ± 0.04   **0.47 ± 0.09**\                                                                                     1.7 ± 0.14
                                                                                                                                            [\*](#t001fn002){ref-type="table-fn"} p = 0.038                                                      

  25:75, 260%, 100 mg g^-1^   0.82 ± 0.01                                   **0.54 ± 0.12**\                                  0.77 ± 0.06   **0.58 ± 0.03**\                                                                                     2.53 ± 0.61
                                                                            [\*](#t001fn002){ref-type="table-fn"} p = 0.033                 [\*](#t001fn002){ref-type="table-fn"} p = 0.049                                                      

  75:25, 260%, 200 mg g^-1^   1.11 ± 0.14                                   **0.49 ± 0.1**\                                   0.95 ± 0.06   **0.36 ± 0.06**\                                                                                     0.71 ± 0.08
                                                                            [\*](#t001fn002){ref-type="table-fn"} p = 0.014                 [\*](#t001fn002){ref-type="table-fn"} p = 0.016, [^\#^](#t001fn002){ref-type="table-fn"} p = 0.017   

  50:50, 260%, 200 mg g^-1^   0.95 ± 0.06                                   1.06 ± 0.18                                       0.85 ± 0.04   **0.39 ± 0.04**\                                                                                     1.96 ± 0.61
                                                                                                                                            [\*](#t001fn002){ref-type="table-fn"} p = 0.017, [^\#^](#t001fn002){ref-type="table-fn"} p = 0.015   

  25:75, 260%, 200 mg g^-1^   1.2 ± 0.11                                    **0.5 ± 0.04**\                                   0.79 ± 0.08   0.52 ± 0.16                                                                                          1.56 ± 0.16
                                                                            [\*](#t001fn002){ref-type="table-fn"} p = 0.004                                                                                                                      

  260% control                0.9 ± 0.07                                    0.96 ± 0.16                                       0.89 ± 0.01   0.66 ± 0.05                                                                                          3.69 ± 1.63

  75:25, 390%, 100 mg g^-1^   0.86 ± 0.07                                   0.81 ± 0.06                                       1.03 ± 0.16   0.6 ± 0.11                                                                                           1.68 ± 0.38

  50:50, 390%, 100 mg g^-1^   1.08 ± 0.2                                    0.57 ± 0.18                                       1.02 ± 0.13   0.6 ± 0.16                                                                                           2.15 ± 0.66

  25:75, 390%, 100 mg g^-1^   0.77 ± 0.07                                   0.64 ± 0.16                                       0.81 ± 0.03   0.63 ± 0.03                                                                                          1.94 ± 0.84

  75:25, 390%, 200 mg g^-1^   0.83 ± 0.05                                   **0.72 ± 0.05**\                                  0.86 ± 0.01   0.66 ± 0.13                                                                                          1.62 ± 0.32
                                                                            [\*](#t001fn002){ref-type="table-fn"} p = 0.037                                                                                                                      

  50:50, 390%, 200 mg g^-1^   0.87 ± 0.03                                   0.87 ± 0.17                                       0.96 ± 0.07   **0.53 ± 0.06**\                                                                                     1.8 ± 0.54
                                                                                                                                            [\*](#t001fn002){ref-type="table-fn"} p = 0.042                                                      

  25:75, 390%, 200 mg g^-1^   0.83 ± 0.05                                   0.88 ± 0.17                                       0.79 ± 0.1    **0.53 ± 0.05**\                                                                                     2.39 ± 0.84
                                                                                                                                            [\*](#t001fn002){ref-type="table-fn"} p = 0.04                                                       

  390% control                0.81 ± 0.2                                    0.78 ± 0.1                                        0.8 ± 0.07    0.69 ± 0.07                                                                                          2.94 ± 0.79

  Dry control                 1 ± 0.09                                      1 ± 0.07                                          1 ± 0.08      1 ± 0.15                                                                                             1 ± 0.34
  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Mean values of calibrated FAA/SP, SPR, PL, NL and UL amounts in 12 h lactobacilli treated and control feed

\* and \# indicate statistically significant (p \< 0.05) differences relative to dry and relevant (260 or 390%) wet control, respectively (comparisons were made only between treatments and control groups); means with statistically significant differences relative to dry control are bolded; FAA/SP---free amino acids/short peptides; SPR---soluble proteins; PL---phospholipids; NL---neutral lipids; UL---unsaturated lipids; n---replicates per treatment group.

10.1371/journal.pone.0219558.t002

###### Feed biochemical profile (calibrated values) after 24 h incubation period.

![](pone.0219558.t002){#pone.0219558.t002g}

  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
                              Mean ± standard error of mean (SEM) (n = 3)                                                                                                                                                                                                                    
  --------------------------- --------------------------------------------------- --------------------------------------------------- ------------------------------------------------- ---------------------------------------------------------------------------------------------------- -------------
  75:25, 260%, 100 mg g^-1^   1.33 ± 0.15                                         1.21 ± 0.07                                         1.11 ± 0.09                                       **0.39 ± 0.1**\                                                                                      0.71 ± 0.41
                                                                                                                                                                                        [\*](#t002fn002){ref-type="table-fn"} p = 0.007                                                      

  50:50, 260%, 100 mg g^-1^   1.18 ± 0.07                                         1.1 ± 0.08                                          1.03 ± 0.05                                       **0.33 ± 0.02**\                                                                                     1.56 ± 0.54
                                                                                                                                                                                        [\*](#t002fn002){ref-type="table-fn"} p = 0.001, [^\#^](#t002fn002){ref-type="table-fn"} p = 0.032   

  25:75, 260%, 100 mg g^-1^   1.15 ± 0.2                                          0.82 ± 0.08                                         1.06 ± 0.03                                       **0.43 ± 0.09**\                                                                                     1.18 ± 0.58
                                                                                                                                                                                        [\*](#t002fn002){ref-type="table-fn"} p = 0.006                                                      

  75:25, 260%, 200 mg g^-1^   **1.27 ± 0.05**\                                    2.18 ± 0.39\                                        1.07 ± 0.03                                       **0.55 ± 0.09**\                                                                                     0.58 ± 0.24
                              [\*](#t002fn002){ref-type="table-fn"} p = 0.014     [^\#^](#t002fn002){ref-type="table-fn"} p = 0.024                                                     [\*](#t002fn002){ref-type="table-fn"} p = 0.015                                                      

  50:50, 260%, 200 mg g^-1^   1.13 ± 0.11                                         1.38 ± 0.06\                                        1.02 ± 0.04                                       **0.33 ± 0.07**\                                                                                     0.54 ± 0.25
                                                                                  [^\#^](#t002fn002){ref-type="table-fn"} p = 0.012                                                     [\*](#t002fn002){ref-type="table-fn"} p = 0.002, [^\#^](#t002fn002){ref-type="table-fn"} p = 0.046   

  25:75, 260%, 200 mg g^-1^   1.37 ± 0.23                                         1.14 ± 0.05\                                        1.1 ± 0.04                                        **0.42 ± 0.11**\                                                                                     1.17 ± 0.03
                                                                                  [^\#^](#t002fn002){ref-type="table-fn"} p = 0.044                                                     [\*](#t002fn002){ref-type="table-fn"} p = 0.011                                                      

  260% control                0.99 ± 0.07                                         0.72 ± 0.14                                         1.15 ± 0.04                                       0.72 ± 0.12                                                                                          1.51 ± 0.31

  75:25, 390%, 100 mg g^-1^   1.04 ± 0.12                                         1.06 ± 0.03\                                        1.09 ± 0.03                                       1.05 ± 0.15                                                                                          0.87 ± 0.1
                                                                                  [^\#^](#t002fn002){ref-type="table-fn"} p = 0.007                                                                                                                                                          

  50:50, 390%, 100 mg g^-1^   1.24 ± 0.13\                                        0.99 ± 0.06\                                        1.05 ± 0.02                                       **0.53 ± 0.04**\                                                                                     1.61 ± 0.63
                              [^\#^](#t002fn002){ref-type="table-fn"} p = 0.02    [^\#^](#t002fn002){ref-type="table-fn"} p = 0.013                                                     [\*](#t002fn002){ref-type="table-fn"} p = 0.004, [^\#^](#t002fn002){ref-type="table-fn"} p = 0.015   

  25:75, 390%, 100 mg g^-1^   1.04 ± 0.07\                                        0.71 ± 0.15                                         **1.1 ± 0.03**\                                   **0.53 ± 0.13**\                                                                                     0.89 ± 0.16
                              [^\#^](#t002fn002){ref-type="table-fn"} 0.019                                                           [\*](#t002fn002){ref-type="table-fn"} p = 0.019   [\*](#t002fn002){ref-type="table-fn"} p = 0.03                                                       

  75:25, 390%, 200 mg g^-1^   1.08 ± 0.04\                                        1.48 ± 0.26\                                        0.96 ± 0.03                                       **0.3 ± 0.14**\                                                                                      0.38 ± 0.23
                              [^\#^](#t002fn002){ref-type="table-fn"} p = 0.005   [^\#^](#t002fn002){ref-type="table-fn"} p = 0.021                                                     [\*](#t002fn002){ref-type="table-fn"} p = 0.011, [^\#^](#t002fn002){ref-type="table-fn"} p = 0.027   

  50:50, 390%, 200 mg g^-1^   1.19 ± 0.09\                                        1.15 ± 0.11\                                        1.03 ± 0.02                                       **0.36 ± 0.06**\                                                                                     1.3 ± 0.86
                              [^\#^](#t002fn002){ref-type="table-fn"} p = 0.008   [^\#^](#t002fn002){ref-type="table-fn"} p = 0.011                                                     [\*](#t002fn002){ref-type="table-fn"} p = 0.002, [^\#^](#t002fn002){ref-type="table-fn"} p = 0.005   

  25:75, 390%, 200 mg g^-1^   0.88 ± 0.05                                         0.78 ± 0.17                                         **1.13 ± 0.04**\                                  **0.42 ± 0.1**\                                                                                      0.7 ± 0.09
                                                                                                                                      [\*](#t002fn002){ref-type="table-fn"} p = 0.043   [\*](#t002fn002){ref-type="table-fn"} p = 0.008, [^\#^](#t002fn002){ref-type="table-fn"} p = 0.025   

  390% control                **0.7 ± 0.05**\                                     **0.39 ± 0.13**\                                    1.24 ± 0.22                                       0.81 ± 0.06                                                                                          3.34 ± 1.82
                              [\*](#t002fn002){ref-type="table-fn"} p = 0.009     [\*](#t002fn002){ref-type="table-fn"} p = 0.049                                                                                                                                                            

  Dry control                 1 ± 0.04                                            1 ± 0.18                                            1 ± 0                                             1 ± 0.07                                                                                             1 ± 0.08
  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Mean values of calibrated FAA/SP, SPR, PL, NL and UL amounts in 24 h lactobacilli treated and control feed

\* and \# indicate statistically significant (p \< 0.05) differences relative to dry and relevant (260 or 390%) wet control, respectively (comparisons were made only between treatments and control groups); means with statistically significant differences relative to dry control are bolded; FAA/SP---free amino acids/short peptides; SPR---soluble proteins; PL---phospholipids; NL---neutral lipids; UL---unsaturated lipids; n---replicates per treatment group.

10.1371/journal.pone.0219558.t003

###### Sensitivity analysis results.

![](pone.0219558.t003){#pone.0219558.t003g}

  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  \                                                       Total Sensitivity   Main Effect   Incubation period Interaction   Bacterial concentration Interaction   Moisture percentage Interaction   BGHN14:BGT10 ratio Interaction
  ----------------------------------- ------------------- ------------------- ------------- ------------------------------- ------------------------------------- --------------------------------- --------------------------------
  **FAA/SP**\                         Incubation period   0.96                0.923         0                               0                                     0.0364                            0
  BIC = 1.49\                                                                                                                                                                                       
  Pearson\'s r = 0.552 (p \< 0.001)                                                                                                                                                                 

  Bacterial concentration             0                   0                   0             0                               0                                     0                                 

  Moisture percentage                 0.077               0.04                0.0364        0                               0                                     0                                 

  BGHN14:BGT10 ratio                  0                   0                   0             0                               0                                     0                                 

  **SPR**\                            Incubation period   0.944               0.682         0                               0.056                                 0.024                             0.182
  BIC = 54.62\                                                                                                                                                                                      
  Pearson\'s r = 0.827 (p \< 0.001)                                                                                                                                                                 

  Bacterial concentration             0.07                0.013               0.056         0                               0                                     0                                 

  Moisture percentage                 0.026               0.002               0.024         0                               0                                     0                                 

  BGHN14:BGT10 ratio                  0.213               0.031               0.182         0                               0                                     0                                 

  **PL**\                             Incubation period   0.997               0.876         0                               0                                     0                                 0.121
  BIC = -83.77\                                                                                                                                                                                     
  Pearson\'s r = 0.684 (p \< 0.001)                                                                                                                                                                 

  Bacterial concentration             0                   0                   0             0                               0                                     0                                 

  Moisture percentage                 0                   0                   0             0                               0                                     0                                 

  BGHN14:BGT10 ratio                  0.124               0.003               0.121         0                               0                                     0                                 

  **NL**\                             Incubation period   0.019               0.002         0                               0.009                                 0.007                             0
  BIC = -18.83\                                                                                                                                                                                     
  Pearson\'s r = 0.694 (p \< 0.001)                                                                                                                                                                 

  Bacterial concentration             0.689               0.063               0.009         0                               0.612                                 0.004                             

  Moisture percentage                 0.713               0.087               0.007         0.612                           0                                     0.007                             

  BGHN14:BGT10 ratio                  0.012               0.001               0             0.004                           0.007                                 0                                 

  **UL**\                             Incubation period   0.976               0.878         0                               0                                     0                                 0.098
  BIC = 192.96\                                                                                                                                                                                     
  Pearson\'s r = 0.547 (p \< 0.001)                                                                                                                                                                 

  Bacterial concentration             0                   0                   0             0                               0                                     0                                 

  Moisture percentage                 0                   0                   0             0                               0                                     0                                 

  BGHN14:BGT10 ratio                  0.122               0.024               0.098         0                               0                                     0                                 
  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Sensitivity indices for process factors calculated from Gaussian process regression (GPR) model simulating the incubation of feed with lactobacilli; model parameters, including Bayesian information criterion (BIC) and predicted-observed values correlations for each analyzed variable are provided below variable designations; FAA/SP---free amino acids/short peptides; SPR---soluble proteins; PL---phospholipids; NL---neutral lipids; UL---unsaturated lipids.

Nutritive demands of carnivorous larval fish differ as compared to adult fish, especially because stomach, which represents the main place of protein digestion, in most fish species does not develop until juvenile stage, predisposing the larvae to poor protein digestion capacity \[[@pone.0219558.ref035], [@pone.0219558.ref036]\]. Inclusion of protease digested meal, which is expected to contain high levels of soluble proteins, was evaluated earlier for improvement of fish growth after transition to artificial diet \[[@pone.0219558.ref037]\]. Though promising, these results suggest that limited proteolysis is superior over extensive proteolysis when it comes to fish growth, presumably due to high nutrient leaching to the water after excessive hydrolysis \[[@pone.0219558.ref038], [@pone.0219558.ref039]\]. The degree of nutrient loss from feed granules is dependent on molecule size and solubility \[[@pone.0219558.ref010]\]. In present study, levels of both FAA/SP and SPR in lactobacilli treated feed were evaluated, to discriminate between moderate and excess proteolysis. Though both FAA/SP and SPR are considered to be beneficial for enhancement of feed nutritive value, FAA/SP will probably leach into the circulating water due to small size; this would not only reduce the amount of nutrients available to fish, but might also lead to overgrowth of bacteria in tank water. Therefore, too big FAA/SP increase was considered as unfavorable treatment outcome in present research. According to the results of t-test and GPR, 24 h incubation with lactobacilli was shown to increase SPR level, especially with 75:25 combinations, indicating involvement of BGHN14 in protein solubilization. Lactobacilli were previously reported to increase the solubility of proteins in feed either via lactic acid production which changes protein-water interaction or via direct proteolysis of water-insoluble proteins \[[@pone.0219558.ref040], [@pone.0219558.ref041]\]. Although 75:25 24 h combinations were shown to improve feed SPR composition, this was paralleled by simultaneous increase of FAA/SP amount, presumably as the result of hydrolysis of SPR by added lactobacilli or feed-derived proteases. In fact, the hydrolysis of SPR occurred much faster than protein solubilization, as evident from the results of 12 h incubation of feed with lactobacilli, showing significant drop of SPR amount in comparison with controls, especially with 200 mg g^-1^ combinations. The observed SPR drop in 12 h lactobacilli-treated feed samples may be the result of activity of lactobacilli-derived proteases or the stimulation of feed-derived proteases by lactobacilli activity, as already reported by Yin et al. \[[@pone.0219558.ref042]\]. Endogenous feed proteases might have also been activated in the face of increased moisture percentage \[[@pone.0219558.ref043]\], which is evident from the results of SPR analysis in 24 h, 390% moisture control feed samples. Additionally, leaching of SPR to the surface of Petri dish during feed treatment due to high moisture percentage should not be excluded. In support of this, FAA/SP were also decreased in the same treatment group as compared to dry control feed.

Aside from proteins, lipids play an important role in development of fish, especially nervous and skeletal system. The availability of free fatty acids (FFA) is dependent on the class of lipids acting as FFA carriers. FFA present in PL are better absorbed in fish gut, because PL play crucial role in transport of lipids from enterocytes to circulation \[[@pone.0219558.ref044]\]. Since this process is not fully functional in larval fish, which have limited capacity to *de novo* synthesize PL \[[@pone.0219558.ref017], [@pone.0219558.ref045]\], their PL demands may go up to 12% \[[@pone.0219558.ref046]\]. Although fishmeal contains approximately 5% PL \[[@pone.0219558.ref046]\], further increase of PL in artificial diet would beneficially affect FFA assimilation by fish larvae. GPR revealed slight sensitivity of PL content to strain ratio in 12 h lactobacilli treated samples, with 25:75 ratio correlating with lower PL content. Alongside with this, there were tendencies towards drop of PL content in 260 and 390% moisture, 100 mg g^-1^ concentration, 25:75 strain ratio combination relative to dry control (p = 0.077 and 0.079, respectively). This drop was also noticed with other 12 h treated 25:75 strain ratio combinations but no significance or tendency was reached. Since same, though insignificant, drop of PL content was observed in 12 h incubated wet controls, PL degradation is probably the result of activation of endogenous feed-derived phospholipases, which was enhanced in the presence of BGT10. Phenotypic appearance of BGT10 in liquid culture and agar plate indicated that BGT10 secretes exopolysaccharide (EPS), a high molecular weight biopolymer reported to be produced by many lactic acid bacterial strains \[[@pone.0219558.ref047]\]. Though additional confirmation at chemical level is needed, bacterial EPS may act as anionic emulsifier \[[@pone.0219558.ref048]\] and might have facilitated phospholipase activity against feed derived PL \[[@pone.0219558.ref049]\]. According to GPR, PL level was highly sensitive to incubation period, with 24 h incubation of feed with lactobacilli yielding higher PL level than 12 h incubation. This was supported by significant increase of PL, especially with 390% combinations in comparison with dry controls. Since the tendency towards PL increase was also seen in 260% wet control samples (p = 0.064), it is possible that water addition enhanced lipid extraction, as reported previously by Ren and co-workers \[[@pone.0219558.ref050]\]. Hypothetically, this may reflect the bioavailability of PL for larval fish, with increased extractability leading to enhanced feed value. Contrary to 12 h incubation period, GPR modeled PL level in 24 h incubation regimen was not sensitive to change of strain ratio.

Although NL represent energy dense substrates and may provide benefits for carnivorous fish, high level of NL in larval fish diet may negatively affect FFA absorption \[[@pone.0219558.ref017]\]. Artificial feed pelleting/extrusion commonly involves the addition of lipid coat for improvement of its water stability and floating characteristics \[[@pone.0219558.ref015]\]. Hence, the amount of neutral lipids on the surface of feed granules/pellets which initially comes into contact with digestive enzymes in fish gut may be critically high. Reduction of NL in artificial feed would beneficially affect feed assimilation after weaning. Tendency towards NL decrease was seen in 260% wet control feed samples (p = 0.097), probably as the result of activation of feed-derived lipases. Addition of lactobacilli correlated with further decrease of NL level, compared both to dry and wet controls samples. GPR modeling showed an interaction between the moisture percentage and lactobacilli concentration in determination of NL content in lactobacilli treated feed, with 100 mg g^-1^, 390% moisture combinations correlating with lowest NL drop. Lipase activation was shown to be dependent on hydration level; however, this activity is not linear, but rather dependent on the size of lipid-water interface: in solutions with high water content, lipid-water interface would be small with lipases predominantly present in the water phase and inactive \[[@pone.0219558.ref051]\]. Therefore, aside from possible lactobacilli-derived lipase activity which might have contributed to NL degradation \[[@pone.0219558.ref049], [@pone.0219558.ref052]\], lactobacilli cells might have acted as water absorbing units. This may explain why a decrease of NL quantity was least pronounced with 390% moisture, 100 mg g^-1^ combinations. In line with this, 24 h incubated 390% moisture, 100 mg g^-1^ concentration, 75:25 strain ratio combination was not presented with lower NL level as compared to dry control, though there was a tendency towards NL decrease in the same combination after 12 h incubation period (p = 0.092). Lactobacilli have not been ascribed the ability to deposit neutral lipids \[[@pone.0219558.ref053]\], so it is unlikely that observed elevation of triglycerides is the result of deposition caused by added bacteria. Eventually, degradation of proteins present in lipoprotein complexes might have released lipids and facilitate lipid extraction \[[@pone.0219558.ref054]\]. As reported above, 24 h treated 75:25 strain ratio combinations were presented with significant protein solubilization/degradation, which probably increased NL extractability and, in concert with low NL degradation rate seen with 390% moisture, 100 mg g^-1^ concentration combinations, resulted in the raise of NL amount with prolongation of incubation in 75:25 ratio, 390% moisture, 100 mg g^-1^ concentration combination treated feed. This would probably affect the amount of NL available to larval fish after feed ingestion.

Degradation of NL may lead to extensive loss of unsaturated free fatty acids (FFA), due to their liberation from lipid complexes and consequential oxidation \[[@pone.0219558.ref055]\]. Prevention of oxidation and loss of unsaturated fats along with fat hydrolysis, as observed here for NL, represents an important step towards production of high-quality fish diet \[[@pone.0219558.ref056]\]. Presence of unsaturated FFA in diet is of utmost importance for carnivorous fish, given their lower capacity to synthesize unsaturated fats as compared to herbivorous fish \[[@pone.0219558.ref057]\]. Deficiency of unsaturated fats in fish diet, in concert with reduced PL content, was linked to development of numerous skeletal anomalies, leading to high fish mortality \[[@pone.0219558.ref058]\]. Statistical analysis revealed a tendency towards an increase of UL percentage in 390% controls (p = 0.088), as compared to dry controls. UL increase may be the result of activation of feed-derived desaturases after water addition, as was also observed during frozen meat storage \[[@pone.0219558.ref059]\]. However, an increase of UL after water addition seemed to be counteracted by lactobacilli addition, though, due to large deviations, this was supported only by statistical tendencies with 24 h treated samples. In 12 h incubation regimen, UL level was slightly affected by strain ratio, with 75:25 combinations leading to highest interference with UL increase, indicating that BGHN14 may be responsible for observed effects. Consumption of oxygen by lactobacilli or eventual sequestration of cofactors needed for desaturase activity, are some of the reasons that might have contributed to the reduction of enzyme activity after lactobacilli addition \[[@pone.0219558.ref060], [@pone.0219558.ref061]\]. Furthermore, some lactobacilli strains were shown to increase the oxidative deterioration of lipids in meat products, via hydrogen peroxide production \[[@pone.0219558.ref062]\]. According to GPR sensitivity analysis, 24 h incubation period with lactobacilli correlated with further reduction of UL amount, presumably as the result of continued FFA oxidation with prolonged incubation.

Though feed drying after treatment significantly reduces the viability of microorganisms, microbiota content in treated feed prior to feed drying was analyzed in order to check for possible presence of pathogen-derived toxins/metabolites in treated diet. Since no precise quantitative comparison of microbial count among treatments can be obtained with wet samples, this was taken as rough estimation of microbial growth. Analysis of microbiota content in wet feed on universal LA medium revealed no significant growth of bacteria (other than lactobacilli) in 12 h incubation regime, while in some samples of 24 h incubated feed, growth of non-lactobacilli and/or yeasts was detected. Eventual usage of extruded diet may lower the risk of microbial growth. Furthermore, activation of internal feed-derived and contaminating microbe enzymes would be lowered in extruded diet, thus allowing for tighter control of the entire treatment process.

Final selection of optimal treatment regimen, which would enhance overall nutrient bioavailability, was based on evaluation of balance among analyzed parameters. According to above presented results, 24 h incubation period and BGHN14 dominance were shown to positively affect SPR amount, though this was paralleled by an increase of FAA/SP. Similarly, an increase of incubation duration correlated with elevation of PL content, while BGHN14 prevalence prevented PL autolysis. However, shortening of incubation seemed to affect positively UL amount, which, on the other side, was negatively affected by BGHN14 presence. NL level was shown to be highly reduced with 260% moisture, 200 mg g^-1^ concentrations. Considering the results of microbial analysis and above explanations, it comes out that 12 h, 260% moisture, 200 mg g^-1^ concentration, 75:25 and 50:50 strain ratio combinations have the best capacity to regulate feed lipid and protein content. To assist the selection of optimal level combination(s), desirability levels of GPR were calculated. The peak of desirability (0.569) was obtained with 24 h, 260% moisture, 200 mg g^-1^ concentration, 56:44 strain ratio combination, with 50:50 and 75:25 strain ratio combinations giving 0.567 and 0.564 desirability levels, respectively. Desirability analysis with fixed 12 h incubation period yielded 260% moisture, 200 mg g^-1^ concentration, 56:44 strain ratio as the best treatment combination (desirability level 0.499), with 50:50 and 75:25 combinations giving 0.498 and 0.485 desirability levels, respectively. Due to low maximal desirability levels (below 0.5) obtained with these combinations, further modifications of experimental procedures are needed, such as coating of feed granules with materials which would minimize the leaching of water soluble materials or inclusion of lactobacilli strains with antioxidant and/or antibacterial properties which would potentially increase overall UL level and prevent the microbial growth, respectively. Technological improvements related to the manner of lactobacilli application to feed granules without their extensive agglutination should also be addressed in future studies. Although additional optimization is necessary, this small-scale research has demonstrated that lactobacilli may increase the bioavailability of nutrients present in the surface portion of fishmeal-based feed granules, while preserving granule structural integrity. Furthermore, given the ability of both viable and non-viable lactobacilli to stimulate fish immunity and infection resistance \[[@pone.0219558.ref063]\], lactobacilli enriched feed granules could have added probiotic value for larval fish. This opens the way for eventual application of lactobacilli for improvement of nutrient availability in lower quality, animal by-product based, larval feed \[[@pone.0219558.ref064], [@pone.0219558.ref065], [@pone.0219558.ref066]\], which would minimize the costs associated with larval rearing without profit reduction.
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###### Predictive profilers showing GPR modeled data with combinations of factor levels giving maximal overall desirability; graphs are vertically arranged according to analyzed variables (from top to bottom: FAA/SP, SPR, PL, NL, UL and values of desirability for each process factor) and horizontally according to process factors (from left to right: incubation period (h), bacterial concentration (mg g-1), moisture percentage (%), BGHN14 percentage (%) and values of desirability for each analyzed variable); desirability values were set to increase with increasing SPR, PL and UL amount, to decrease with increasing NL amount, while for FAA/SP desirability profile was set to assume hyperbolic shape reaching the peak at FAA/SP amount 1 and mild decrease with further elevation of FAA/SP amount; FAA/SP---free amino acids/short peptides; SPR---soluble proteins; PL---phospholipids; NL---neutral lipids; UL---unsaturated lipids; GPR---Gaussian process regression.

(PDF)

###### 

Click here for additional data file.

###### Predictive profilers showing GPR modeled data with combinations of factor levels giving maximal desirability when incubation period was fixed to 12 h; graphs are vertically arranged according to analyzed variables (from top to bottom: FAA/SP, SPR, PL, NL, UL and values of desirability for each process factor) and horizontally according to process factors (from left to right: incubation period (h), bacterial concentration (mg g-1), moisture percentage (%), BGHN14 percentage (%) and values of desirability for each analyzed variable); desirability values were set to increase with increasing SPR, PL and UL amount, to decrease with increasing NL amount, while for FAA/SP desirability profile was set to assume hyperbolic shape reaching the peak at FAA/SP amount 1 and mild decrease with further elevation of FAA/SP amount; FAA/SP---free amino acids/short peptides; SPR---soluble proteins; PL---phospholipids; NL---neutral lipids; UL---unsaturated lipids; GPR---Gaussian process regression.

(PDF)

###### 

Click here for additional data file.

###### Feed biochemical profile (absolute values of measurements).

Mean values of absolute FAA/SP, SPR, PL, NL and UL amounts in 12 h (a) and 24 h (b) lactobacilli treated and control feed; values are given as μg per mg of dried feed; FAA/SP---free amino acids/short peptides; SPR---soluble proteins; PL---phospholipids; NL---neutral lipids; UL---unsaturated lipids.

(PDF)

###### 

Click here for additional data file.

###### Normality test results.

Significance values (p) of Shapiro-Wilk test assessment of data normality in different treatment groups; p values higher than 0.05 indicate normal data distribution; FAA/SP---free amino acids/short peptides; SPR---soluble proteins; PL---phospholipids; NL---neutral lipids; UL---unsaturated lipids.

(PDF)

###### 

Click here for additional data file.
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